Introduction
[2] The western subarctic Pacific (WSP) is an area of confluence of water masses that are carried by the Oyashio, Kuroshio, and mesoscale eddies. The Oyashio is the western boundary current of the northern North Pacific, which is formed by cold, fresh, nutrient-rich upwelled waters from the western subarctic gyre flowing along the eastern side of the southern Kuril islands (Figure 1a ). The Kuroshio, western boundary current of the subtropical North Pacific, transports warm, saline, nutrient-poor water into the midlatitude of the North Pacific ( Figure 1a) . Previous studies have shown that the WSP has a larger seasonal amplitude in chlorophyll a and primary productivity than in the eastern subarctic Pacific (ESP) [Harrison et al., 2004; Chierici et al., 2006] . Phytoplankton blooms regularly occur in spring in the Oyashio and Oyashio-Kuroshio transition zone Okamoto et al., 2010] , which corresponds with the area of the highest biological drawdown of pCO 2 and nutrient in the world ocean [Takahashi et al., 2002; Chierici et al., 2006] . Other previous studies showed that the WSP works as an effective biological pump and is an important region in the global carbon cycle [Longhurst et al., 1995; Honda, 2003; Schlitzer, 2004; Buesseler et al., 2007; Boyd et al., 2008] .
[3] On the other hand, despite the high biological productivity in the Oyashio and the Oyashio-Kuroshio transition zone, the whole subarctic Pacific is well known as one of the high-nutrient low-chlorophyll (HNLC) regions of the world's oceans and mesoscale iron (Fe) enrichment experiments conducted in subarctic Pacific clearly reveal that Fe limits phytoplankton growth Boyd et al., 2004; Harrison et al., 2004] . Since Fe is an essential micronutrient for the control of phytoplankton growth in the subarctic Pacific [Martin et al., 1989] , there is considerable interest in the seasonal cycle of the dissolved Fe (diss-Fe) concentration to determine the source and seasonal timing of input, which leads to the occurrence of the spring phyto-plankton bloom in the Oyashio and the Oyashio-Kuroshio transition zone.
[4] To date, atmospheric dust has been considered to be the most important source of Fe in this region. Previous studies indicate that there is a longitudinal dust gradient across the North Pacific, that is, the flux of dust containing Fe over the WSP is an order of magnitude higher than that in the ESP [e.g., Duce and Tindale, 1991; Mahowald et al., 2005] . This is due to the close proximity to the second largest dust source in the world, the Gobi Desert, and this has been believed to be the leading cause for the longitudinal differences in biological production between the WSP and the ESP [Harrison et al., 2004] .
[5] On the other hand, recent studies have indicated that the source and the oceanic transport processes of Fe from the continental shelf are increasingly recognized as important for Fe supply to the open ocean [e.g., Croot and Hunter, 1998; Elrod et al., 2004; Johnson et al., 2005; Moore and Braucher, 2008] . In the Southern Ocean, another HNLC region, the potential contribution from multiple Fe sources including dust and oceanic Fe supply processes was evaluated quantitatively for regions adjacent to island or the Antarctic Peninsula [Planquette et al., 2007; Blain et al., 2008; Dulaiova et al., 2009] and oceanic region [Croot et al., 2004; Ellwood et al., 2008; Bowie et al., 2009] . As the Southern Ocean, oceanic Fe supply processes have reported in the subarctic Pacific [e.g., Lam et al., 2006; Nishioka et al., 2007; Lam and Bishop, 2008; Cullen et al., 2009] in addition to atmospheric dust Fe supply. Therefore, we need more detailed investigations in order to clarify the dominant source of Fe which supports biological production in the subarctic Pacific.
[6] The temporal variability in the Fe concentration provides important information for determining Fe sources and has been studied in other regions of the coastal and open ocean surface of the North Pacific [e.g., Johnson et al., 1999 Johnson et al., , 2001 Elrod et al., 2008; Boyle et al., 2005; Chase et al., 2005] . The temporal variability of open ocean Fe concentrations in near surface waters in the central North Pacific indicated that the highest Fe concentrations were observed during periods of high Asian dust transport in spring and suggested the occurrence of significant interannual differences in the near surface Fe concentration responded to dust input . In the ESP, vertical profiles of diss-Fe from the Ocean Station Papa (OSP) in different seasons showed little seasonal variation in the surface diss-Fe concentration, ranging between 0.06 and 0.10 nM with one exception in February 1999 (0.23 nM) [Nishioka et al., 2001] . In the WSP, reported time series data, which only covered the winter to late spring season, showed a clear seasonal difference in the diss-Fe concentrations in the surface water [Nishioka et al., 2007] Tindale, 1991; Jickells and Spokes, 2001; Measures et al., 2005; Buck et al., 2006] . Additionally, lateral Fe transport from continental margin around Kamchatka [Lam and Bishop, 2008 ] is a possible source to the WSP. To date, however, time series data which cover all seasons have not been reported and the annual cycle in Fe concentrations has not been fully examined in the WSP.
[7] In this study, we report a long-term record of surface diss-Fe concentrations from 2003 to 2008 with a seasonal resolution along the monitoring observation line (A line) which crosses the Oyashio (Figure 1b ) in order to detail the annual cycle of surface diss-Fe concentration. Additionally, underway surface Fe measurements along the ship's transect have been shown to be a good tool to collect Fe distribution data over a wide area in the surface layer [Vink and Measures, 2001; Johnson et al., 2003] . To elucidate the Fe supply process in this region, details of the spatial distribution of diss-Fe concentration in the winter surface ( Figure 1c) were investigated by using underway autosequence sampling and analytical system, and also vertical sections of diss-Fe along the A line were measured. We then discuss the mechanism driving the annual cycle of surface diss-Fe concentration in this region.
Methods

Time Series Diss-Fe Observation
[8] The data presented here were obtained during one to eight cruises a year along the observation line of the Fisheries Research Agency (A line ) which crosses the Oyashio current (Figure 1b) , from January 2003 to January 2008, using the R/V Hokko-Maru, Wakataka-Maru, TankaiMaru and Oshoro-Maru. The data from January to May 2003 have previously been reported [Nishioka et al., 2007] . The cruise information in this study is shown in Table 1 . From January 2003 until March 2004, samples were collected from the surface (10 m) to 800 m maximum at one to eight stations sampled regularly along the A line, using acid-cleaned Teflon coated 10 L X-Niskin sampling bottles suspended on a Kevlar line. From January 2005, acid-cleaned Teflon coated 10 L X-Niskin sampling bottles attached to a modified clean CTD-carousel multisampler system (CTD-CMS system: SBE-911 plus and SBE-32 water sampler Sea Bird Electronics Inc.), and samples were collected from 10 to 3000 m at six to nine stations along the A line. A comparison between sampling bottles on the Kevlar line and CTD-CMS was conducted during the January 2005 cruise, and no differences were observed between the sampling methods ( Figure 2 ). The samples for diss-Fe measurement were filtered using 0.22 mm acid-cleaned filters (Millipac-100, Millipore) under gravity pressure [Nishioka et al., 2007] . Details of the sampling are described by Nishioka et al. [2001 Nishioka et al. [ , 2007 . All filtrate samples were adjusted to pH 3.2 with 10 M formic acid-2.4 M ammonium formate buffer solution and determined with an automatic Fe (III) flow injection analytical (FIA) system (Kimoto Electric, Ltd.) using chelating resin preconcentration and chemiluminescence detection [Obata et al., 1993] . These samples were allowed to sit at pH 3.2 for more than 1 day at room temperature and measured onboard or within onshore laboratory approximately 2 weeks after each cruise. We should note that to standardize the analysis methods through the time series observation period, we acidified the all samples to pH 3.2 prior to analysis in this study. The determined diss-Fe concentration is in the form of chemically labile species which are leachable Fe in 0.22 mm filtrate at pH 3.2 and strongly react with 8-hydroxyquinoline resin in the FIA chemiluminescence detection system [Obata et al., 1997] . All sample treatments were performed in a laminar flow clean air hood in the onboard laboratory.
[9] Our Fe measurement method and reference seawater were vetted by using SAFe cruise [Johnson et al. 2007] reference standard seawater (distributed by the Moss Landing Marine Laboratory (MLML) for an intercomparison study), with our results comparing favorably for dissolved iron concentration in ∼0.1 and ∼1 nM (SAFe reference standard seawater containing 0.094 ± 0.008 nM (S) and 0.923 ± 0.029 nM (D2) iron (http://www.geotraces. org/) were measured to be 0.10 ± 0.010 nM (n = 3) and 0.99 ± 0.023 (n = 3) by our method, respectively (the reference seawater was analyzed on 26 December 2006)).
[10] Nutrients and chlorophyll a concentrations were also analyzed for water samples. Nutrients concentrations were measured using a BRAN-LUEBBE autoanalyzer (TRACCS 800), and chlorophyll a concentrations were measured onboard by fluorometry (Turner Designs Model 10-AU) with nonacidified method as described by Welschmeyer [1994] . Hydrographic data was also collected at all stations using a CTD sensor. The surface mixed layer depth was calculated as the depth at which the potential density of the water column increased by 0.125 units [Levitus, 1982] relative to the sea surface.
Underway Diss-Fe Observations in the Winter Surface Layer
[11] In January 2008, clean surface water (1.5-4 m depth) was collected using a towed fish, metal-free sampling system [Tsumune et al., 2005] . The cruise track made a threesided box around the A line and the ship's track during the underway observation is shown in Figure 1c . The system consists of 50 kg towed fish covered with metal-free epoxy paint and Teflon tubing (I.D. 12 mm) covered by PVC. The tubing was set through the center of the towed fish and the sample water flowed from the top of towed fish set on the side of the ship to the onboard laboratory, using an airdriven Teflon pump. The sample was filtered through a 0.22 mm cartridge type filter (OPTICAP, Millipore) at the end of the tubing, and the sample led directly into an automatic Fe (III) flow injection analytical system (Kimoto Electric, Ltd.) which has an autosequence sampling system (J. Nishioka et al., manuscript in preparation, 2011) . All sample treatments were conducted using an in-line system throughout sampling to analysis. This underway autosequence sampling and analytical system enables the measurement of diss-Fe concentrations in the surface layer with a high resolution (1 sample per 15-20 min) along the ship track with a 10-15 knot ship speed (diss-Fe was measured every 2.5-4 nautical miles). The determined diss-Fe concentration is in the form of chemically labile species which are in an immediately leachable form of Fe in 0.22 mm filtrate at pH 3.2 and strongly react with 8-hydroxyquinoline resin in the FIA chemiluminescence detection system. Nitrate concentrations were also analyzed for water samples, Table S1 in the auxiliary material.
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[13] Mineral aerosols from the Asian continent are transported to the North Pacific. High mineral dust concentrations have been frequently observed in spring and transported by the movement of a low-pressure system over Japan [Uematsu et al., 2002] . The number of dust events observed by the Japan Meteorological Agency at 69 meteorological stations throughout Japan using a visual transmittance survey (http:// www.data.kishou.go.jp/obs-env/kosahp/kosa_table_1.html) is shown in Figure 3e .
[14] Mean monthly compiled data (from the same data set as Figure 3 and Table S1 ) for the 5 year studied period of the surface diss-Fe and nitrate concentrations, and MLD along A line are shown in Figure 4 . In the coastal area of this region, there is the Coastal Oyashio water which has different characteristics (identified by surface salinity <33.0 [Ohtani, 1989] ; see section 3.2). The processes which control seasonality of Fe concentrations in the Coastal Oyashio water are probably different from the Oyashio and OyashioKuroshio transition zone. Therefore, to avoid influence of the Coastal Oyashio water, the plotted data in the Figures 3 and 4 were selected from A4 to A15 (these stations include the Oyashio water and part of the Oyashio-Kuroshio transition zone), except A4 May 2005 which data was excluded due to clearly influence of surface flow of the coastal water.
[15] This time series observations show an annual cycle of the diss-Fe concentration in the surface layer in this studied area as follows.
[16] 1. In "winter," from the monthly compiled data, maximum value (0.92 ± 0.54 nM, mean ± 1SD, monthly compiled data in Figure 4a ) is recorded in March when the surface mixed layer became deepest, the same as nitrate (Figure 4b ).
[17] 2. In "spring," a shallow thermocline was formed in the surface layer ( Figure 4c ) and both of the diss-Fe and nitrate concentration decreased during the spring phytoplankton bloom (Figures 3a, 3b, 3d, 4a, and 4b) . It is also noteworthy that we observed some depleted values of dissFe concentrations at some stations along the A line in May (Figures 3a and 4a and Table S1 ), when high nitrate concentrations (10.25 ± 6.28 mM) still remain in the surface water ( Figure 4b and Table S1 ).
[18] 3. In "summer," diss-Fe was depleted in summer in some stations (0.10 ± 0.14 nM, mean ± 1SD, monthly compiled data in July in Figure 4a ) along the observed line.
[19] 4. In "autumn to winter," diss-Fe concentration increased from autumn to winter (0.61 ± 0.49 nM, mean ± 1SD, monthly compiled data in January in Figure 4a ) with the increase of MLD (Figure 4c ).
Spatial Distribution of Diss-Fe in the Winter Surface Layer
[20] The results of surface salinity, temperature, diss-Fe concentration and nitrate concentration measurements using the underway autosequence sampling analytical system Table S1 .) Error bars represent ± 1SD value. conducted in winter, January 2008, are shown in Figure 5 and Table S2 . The diss-Fe concentration level in the surface layer clearly changed with the changing mesoscale water hydrographic features, such as the water properties of salinity and temperature (Figures 5a, 5b , and 5c). The area we observed was occupied by Coastal Oyashio water (surface salinity <33.0 [Ohtani, 1989] ), Oyashio water (surface salinity 33.0-33.6 ), Kuroshio-oriented warm water (salinity >34.0 ), and the front water between Oyashio water and Kuroshio-oriented warm water (surface salinity 33.6-34.0). Among these, the Coastal Oyashio water has the highest diss-Fe concentration up to 2.8 nM (Figure 5c ). Although the other waters had moderately high diss-Fe concentrations (mean 0.33 ± 0.18 nM; mean ± 1 SD, Figure 5c ), our data showed that the center of both Oyashio water domain and Kuroshio-oriented warm water domain has relatively low diss-Fe value (∼0.2 nM). The front water generally showed relatively high diss-Fe values (0.3-0.6 nM). [Yasuda et al., 2001; Ohshima et al., 2010] , which contain high concentration of Fe [Nishioka et al., 2007] . water of this region. The longer-term time series observations in this study clearly show an annual cycle of the dissFe concentration in the surface layer in this studied area, which occurred every year (Figures 3a and 4a) . High diss-Fe levels in the surface mixed layer were detected every winter from 2003 to 2008, implying that Fe is supplied every winter into the surface water (Figure 3a) .
[23] To discuss the Fe supply processes which drive the annual cycle of the surface diss-Fe concentration, the time series diss-Fe concentration were plotted with the monthly variation in the number of dust events in Figures 3a and 3e . Dust events were rare in autumn to winter, and this is the period during which the surface diss-Fe concentration increased. Therefore, although a part of the surface diss-Fe concentrations may be affected by the spring dust Fe supply, dust events probably do not markedly contribute to the high diss-Fe concentration in the winter surface mixed layer and the annual cycle of the surface diss-Fe in the Oyashio and Oyashio-Kuroshio transition zone.
[24] The diss-Fe concentrations decreased every spring with the increase in chlorophyll a concentrations, and was depleted in some stations in summer (Figures 3a and 4a and Table S1 ). Part of this is probably due to the biological uptake of diss-Fe during the spring phytoplankton bloom. The previously conducted mesoscale Fe enrichment experiment in the subarctic North Pacific clearly showed that artificially enriched Fe in the dissolved fraction was rapidly transformed into suspended labile particulate Fe during phytoplankton growth due to aggregate to particles and reduced Fe bioavailability [Nishioka et al., 2003 ]. Therefore, in addition to the biological uptake, the transformation process probably occurs also during the natural spring phytoplankton bloom. The transformation process reduces the diss-Fe concentration and its bioavailability, and may affect the termination of the bloom.
Diss-Fe Supply in the Winter Surface Layer
[25] We discuss here the potential sources of Fe which can explain the high diss-Fe levels in the surface mixed layer in winter. Details of the spatial distribution of diss-Fe with water mass hydrographic features in the surface are important for understanding the Fe supply processes to the ocean surface. The spatial scale of atmospheric dust events is well larger than that of oceanic intrinsic physical processes, such as eddy, jet and turbulent upwelling processes. Therefore, if atmospheric Fe input dominates the Fe supply to the surface layer, the diss-Fe concentration would not vary with water mass hydrographic features. While, if diss-Fe concentrations vary with the water mass hydrographic features, the concentrations can be considered to be controlled by oceanic processes, such as winter turbulence, vertical mixing and upwelling/downwelling of each water mass.
[26] The heterogeneity of the spatial distribution of dissFe concentrations explains the wide range of surface water values found throughout the course of the time series study and clearly depicts an association with various water masses. The diss-Fe concentration level in the surface layer in January 2008 clearly changed with the changing mesoscale water hydrographic features, such as the thermohaline properties (Figures 5a, 5b , and 5c), and the Oyashio front water generally showed relatively high diss-Fe values. The diss-Fe varied with the mesoscale water mass hydrographic features (Figure 5c ), indicating that diss-Fe concentrations in the winter surface layer in the Oyashio and OyashioKuroshio transition zone were controlled by oceanic processes, such as vertical mixing.
[27] In winter, it is known that strong vertical water exchange occurs rather in the Oyashio front area than in the center of the Oyashio domain [Talley, 1991; Suga et al., 2004; T. Nakamura et al., manuscript in preparation, 2011] . This process well explains the observed 2-D surface diss-Fe distribution (Figure 5c ), with the assumption that the high diss-Fe water in the winter surface was supplied from below the surface through winter vertical water mixing. Conversely, strong vertical mixing in the Oyashio front area should lead to lower diss-Fe concentration than in the Oyashio domain waters, if we assume airborne dust as the main Fe source. It is concluded that the winter mixing process is one of the important factors for explaining the high level of diss-Fe concentration and its heterogeneous distribution in the surface Oyashio and Oyashio-Kuroshio transition zone in winter.
Diss-Fe in the Intermediate Water: The Fe Source Water
[28] It has been reported that the Oyashio region waters originate partly from the Sea of Okhotsk water with a density range 26.6-27.5 s [Yasuda et al., 2001; Ohshima et al., 2010] . Additionally, our previous study indicated that water ventilation processes in this region [Talley, 1991; Yasuda, 1997] , which are driven by the sea ice formation, control the transport of sedimentary Fe through the intermediate water layer from the northwestern continental shelf of the Sea of Okhotsk to a wide area of the WSP [Nishioka et al., 2007] . The vertical profiles of diss-Fe in the Oyashio region are a result of the remineralization of particulate Fe which was vertically transported and laterally transported diss-Fe. We use Fe* to evaluate the contribution of the laterally transported diss-Fe in this section profile. The Fe* is modified from Parekh et al. [2005] as yr −1 . This value is enormous relative to upward diss-Fe flux which described in section 4.4.
[29] Maximum winter mixed layer occur in March, but we could not conduct detailed section observation in March because of logistics reason. However, a previous study provides evidence that the winter MLD reaches the depth of the Fe-rich intermediate water. Talley [1991] reported water maximum sea surface density in the WSP, based on all available observation data. This study clearly indicated that dense water (which has density range in 26.6-26.7 s ) appears in winter surface in the southwestern corner of the subpolar western subarctic gyre, the Oyashio and OyashioKuroshio transition zone, results from mixing of cold, fresh waters from the Oyashio with saltier waters from the Kuroshio together with winter cooling. One of our data in January 2006 clearly indicate that surface winter MLD reached to the core of the Fe-rich intermediate water depth (26.6 s ) directly (Figure 7 ), though the observation was before March. Our data also showed that the mechanism bringing diss-Fe from the Fe-rich intermediate water to winter surface layer cannot be solely explained by the deep winter mixing, because surface diss-Fe concentration was enriched in nanomolar to subnanomolar level even though winter MLD did not reach to the depth of the core of the Ferich intermediate water (26.6 s ) in January 2005 and December 2005 (Figure 7) . Mixing induced by the motion of an eddy is one of important process to bridge this depth gap. Additionally, another substantial mechanism bridging the depth gap exists in this region. In 2006 summer, the investigations of Fe concentrations with physical parameters at the Kuril straits have conducted to study tidally generated internal waves influence to the Fe-rich OSIW. The observation clearly revealed that the Fe-rich intermediate water was redistributed to the wide range of water density (shallower than 26.6 s ) via strong diapycnal tidal mixing at the Kuril strait [Ono et al., 2007; Itoh et al., 2010] , and the mixed water was subsequently transported to the Oyashio region (data not shown). Thus, the Fe-rich intermediate water influences over a broad depth range along A line (Figure 7) , and the depth of winter mixing enabled to reach the diss-Fe rich water shallower than 26.6 s before MLD reach to maximum depth (Figure 7) . Therefore, existence of the lateral transport of Fe-rich intermediate water and the upward transport of materials from the intermediate water to the surface via the tidal mixing at Kuril strait [Ono et al., 2007; Itoh et al., 2010] and winter deep vertical water mixing [Talley, 1991; Suga et al., 2004; X. Nakamura et al., manuscript in preparation, 2011] , are important mechanisms to explain the high diss-Fe concentrations in the surface layer.
[30] The residence time of Fe in the intermediate water is still unknown. The time scale of the intermediate water transport from northwestern continental shelf to southern part in the Sea of Okhotsk (the Kuril basin) is less than half a year [Ohshima et al., 2002] . The residence time of the OSIW in the Kuril basin has been estimated in the range from 1 to 10 years by several studies [Yamamoto et al., 2002; Itoh et al., 2003; Gladyshev et al., 2003] . Therefore, the order of residence time of Fe in the intermediate layer is likely to be longer than surface mixed layer (month to year), and the longer residence time is necessary to explain the long distance transport of sedimentary Fe into the study region. Similar long distance sedimentary Fe transports were reported in other regions [e.g., Bowie et al., 2009; Slemons et al., 2010] . Numerical modeling of the Fe distributions in [31] The winter diss-Fe supply process via the intermediate water transport and winter mixing can explain the significant and regular occurrence of the phytoplankton bloom in the Oyashio and Oyashio-Kuroshio transition zone during spring, because the turbulent winter mixing process can increase the surface Fe concentration every winter in time for the spring phytoplankton bloom, and such a consistent pattern is unlikely to occur based on the sporadic Fe supply from the airborne dust events. 
Quantitative Estimation of Diss-Fe Flux From the Subsurface Layer to the Surface
[32] We can estimate the annual upward diss-Fe flux, which is a revised value of Nishioka et al. [2007] , using the seasonal diss-Fe data set obtained in this study. Diss-Fe profiles at Station A11 in January 2005 (Figure 8 ) and mean value of monthly compiled surface value (Figure 4 ) are used for this estimation. Total annual upward diss-Fe flux = F 1 (Ekman advection and eddy diffusion flux) + F 2 (winter mixing flux) (mmol m −2 yr −1 ).
[33] For F1, where W is the vertical velocity with a value of 0.012 m d −1 [Martin et al., 1989] , R is the mean concentration of diss-Fe in the vertical gradient in the subsurface layer (1.2 nM). Global mean 5 m 2 d −1 for the coefficient of eddy diffusivity (Kz) and calculated dFe/dz gradient in dissolved Fe with depth (0.0085 mmol m −4 ) from our data set was employed. We use a simple straight forward method to estimate the winter upward flux caused by winter mixing (F 2 ). We define the winter period as 5 months (150 days) for this estimation, therefore, the formula of vertical advection and eddy diffusion in F 1 is used as an estimation for the remaining 215 days. The winter maximum diss-Fe concentration in the MLD (0.92 nM: mean value in March from Figure 4 ) was used for C 1 instead of the summer dissolved Fe concentration at the maximum depth of the winter mixed layer of Nishioka et al. [2007] , and C 2 is dissFe concentration in the summer surface mixed layer (0.1 nM: mean value in July from Figure 4 ), respectively. D 1 is the summer surface mixed layer depth (20 m). The tidal mixing at Kuril strait can be omitted in this calculation, because we use the Fe profile in the Oyashio region in the calculations, which reflect results of redistribution of Fe by the tidal mixing processes. The estimated annual upward diss-Fe fluxes by Ekman advection and eddy diffusion flux are 3.1 and 9.1 mmol Fe m −2 yr −1 , respectively. The estimated annual upward flux by the winter mixing processes is 16.4 mmol Fe m −2 yr −1 , which comprises 57% of the total annual upward flux (28.6 mmol Fe m −2 yr −1 ) in this region. Surface residence time of diss-Fe has been reported over a wide range of the tropical and subtropical Atlantic Ocean to range from 1.5 to 5 months [Bergquist and Boyle, 2006] . If we consider the surface residence time of diss-Fe is shorter than 150 day (winter period of our estimate), our estimate for the upward diss-Fe flux is underestimated. Estimates of atmospheric dust deposition reported by Fung et al. [2000] , results of the ocean global model including Fe, suggest that the total atmospheric dust flux in the western North Pacific is 929 mmol Fe m −2 yr −1 (average value for 40°N, 170°E). Another reported rate of annual dust deposition in the WSP is 0.3 g m −2 yr −1 [Measures et al., 2005] or 267 mmol Fe m −2 yr −1 for a 5% Fe content. Recent reported solubility of airborne Fe in the WSP ranged from 1.2% to 2.2% (the bulk aerosol sample value [Ooki et al., 2009] ). If we employ these dust Fe information, the total upward iron flux (28.6 mmol Fe m −2 yr −1 ) from intermediate waters to the surface in the Oyashio region would be larger than the atmospheric dust flux (3.2-20.4 mmol Fe m −2 yr −1 ). These simple calculations suggest that the upward diss-Fe flux is particularly significant in the Oyashio region in the winter season, and probably higher than the atmospheric Fe input. Although the simple estimation suggests the upward flux would be larger than the atmospheric dust flux, the quantitative estimation based on previous information on dust deposition to this region indicated that the dust Fe supply cannot be dismissed for biological production. Probably, the airborne dust Fe input is more sporadic, and the spatial scale is larger than oceanic water mass scale, and therefore the impact would be spatiotemporally limited, and it may have a role in sporadically inducing phytoplankton blooms in the open ocean rather than as the principle source of Fe to initiate consistently occurring events such as the spring phytoplankton bloom in the Oyashio and the Oyashio-Kuroshio transition zone.
Potential to Stimulate Phytoplankton Growth
[34] Mindful of observed diss-Fe and nitrate concentration in the surface and the intermediate water distributed heterogeneously in this area (Figure 7) , we compared the diss-Fe to nitrate (nM diss-Fe (mM NO 3 ) −1 ) ratio between the winter surface water and the intermediate water to begin with this (Figure 10a ), is also consistent with the diss-Fe/NO 3 ratio in the intermediate water. These results indicate that the winter surface water diss-Fe/NO 3 ratio was influenced by the Fe-rich intermediate water. The substantially higher diss-Fe/NO 3 ratio in the winter surface layer in this studied area than other HNLC region (as ∼0.010 in ESP [Nishioka et al., 2007] and 0.010-0.025 in the Southern Ocean [Ellwood et al., 2008] ) indicates that the winter surface water in the Oyashio and the OyashioKuroshio transition zone has a high potential to stimulate phytoplankton growth caused by the high Fe availability allowing high potential of macronutrients utilization. Harrison et al. [2004] compared the variability in biogeochemical processes and ecosystem structure in the WSP and the ESP based on observations from two time series stations Imai et al., 2002; Whitney and Freeland, 1999; Wong et al., 2002] and indicated that the winter surface mixing with nutrient rich subsurface waters in the Oyashio region and western subarctic gyre would lead to greater addition of nutrients to the surface water, and drive a larger seasonal amplitude in chlorophyll a and primary productivity in the WSP than in the ESP. Interpretation of our data is consistent with these previous studies, and dissFe supply process via the intermediate water can be the leading cause for the longitudinal differences in biological production between the WSP and the ESP.
Iron Limitation for Spring Diatom Bloom
[35] Details of spring biological production in the Oyashio and the Oyashio-Kuroshio transition zone has been extensively investigated and reported. A diatom bloom consistently occurs each spring Okamoto et al., 2010] , and the diatom bloom is terminated without major nutrient depletion . A shift in the flora occurs after the diatom bloom with dinoflagellates increasing and consuming the major nutrients when the phytoplankton standing stock is low during summer [Mochizuki et al., 2002] . In order to understand the limiting nutrient for the spring diatom bloom in this region, the diss-Fe/NO 3 ratio is a useful index. According to the reported small Fe quota for oceanic diatoms, 2-5 mmol Fe (mol C) −1 [Sunda and Huntsman, 1995; Maldonado and Price, 1996; Marchetti and Harrison, 2007] , and Redfield ratio, the minimum phytoplankton utilizing diss-Fe/NO 3 ratio calculated from the small Fe quota was range in 0.013-0.033 (nM diss-Fe (mM NO 3 ) −1 ). The dominant phytoplankton in the spring bloom in the Oyashio and the Oyashio-Kuroshio transition zone are large centric diatoms [Mochizuki et al., 2002; Tsuda et al., 2005] . Although the reported utilization dissFe/NO 3 ratios for diatoms are variable, the large centric diatoms probably have a higher diss-Fe/NO 3 uptake ratio than this minimum value, because large oceanic diatoms have higher cellular Fe quotas [Timmermans et al., 2001] . Additionally, luxury uptake at high Fe concentrations was observed in culture experiments of oceanic and coastal eukaryotic algae, and cellular Fe quotas can be greater in several orders than when they are Fe limited [Sunda and Huntsman, 1995, 1997; Sunda, 2001; Iwade et al., 2006; Yoshida et al., 2006] . On the other hand, mean value of D(diss-Fe)/D(NO 3 ) consumption ratio during the diss-Fe decreasing period from winter to summer, which was calculated from the slope of the surface diss-Fe versus NO 3 plot of monthly compiled data (Figure 4 ) in this period along the A line, is 0.043 (Figure 10b ). These results indicate that the phytoplankton utilizing (include transformation loss from the diss-Fe fraction) the diss-Fe/NO 3 ratio are probably comparable to or slightly higher than supplied diss-Fe/NO 3 ratio in the winter surface mixed layer, except for some water masses such as the coastal Oyashio area (low-salinity water less than 33, Figure 5 ). Therefore, from the aspect of mean value of diss-Fe/NO 3 ratio, both diss-Fe and nitrate would be limiting nutrients for the spring diatom bloom. As described in section 3.1, the diss-Fe was depleted in some water masses in May, prior to nitrate depletion (Figure 4 and Table S1 ). These results indicate that in a substantial area of the Oyashio and the Oyashio-Kuroshio transition zone, dissFe in the winter surface was insufficient for diatoms to deplete the nitrate concentration at the termination of the diatom bloom. This interpretation is supported by other studies. Saito et al. [2002] showed an increase in silicate to nitrate uptake ratio at the end of the phytoplankton bloom in the Oyashio region. They suggested the increase in the silicate to nitrate ratio was due to light or Fe limitation as indicated by Takeda [1998] . Hattori- also reported that bloom-forming diatoms >20 mm were stressed by Fe availability in the Oyashio and the Oyashio-Kuroshio transition zone during spring, which was indicated by immunological ferredoxin/flavodoxin assay analysis. Furthermore, the multidecadal decrease in the spring net community production has been observed in the Oyashio region in the recent 30 years in conjunction with a long-term trend of surface stratification, despite that macronutrients in the mixed layer remained at the termination stage of the spring diatom bloom [Ono et al., 2002; Chiba et al., 2004; Tadokoro et al., 2005] . This phenomenon can be explained if we assume that the Fe is the limiting nutrient for the spring Oyashio community, and the Fe fueling the seasonal diatom bloom is mainly supplied by the winter entrainment rather than by airborne dust events.
Conclusion
[36] Temporal variability of the diss-Fe concentration in the Oyashio and the Oyashio-Kuroshio transition zone was investigated using observations over a 5 year time series. The annual cycle of the diss-Fe concentration in the surface water occurred every year. Dissolved Fe supplied every winter into the surface water, and the diss-Fe concentration was drawn down during the spring bloom period probably due to rapid transformation and biological uptake. Then, diss-Fe is depleted in summer in some water masses in this region and increases from autumn to winter with the increase of the surface mixed layer depth. The high diss-Fe concentration in the winter surface layer was controlled by mesoscale oceanic processes, and differences in the magnitude of winter mixing processes among each water mass caused the heterogeneous spatial distribution of diss-Fe in the surface layer. Vertical section profiles along the observed line suggested the occurrence of Fe-rich intermediate water beneath the surface, and the intermediate water is also important to explain the high diss-Fe concentrations in the surface layer in winter. From analysis of the observed and reported phytoplankton utilizing diss-Fe/NO 3 ratio, we conclude that the winter surface water has a high potential to stimulate phytoplankton growth with macronutrients utilization. However, the diss-Fe supplied in the winter surface layer was insufficient to consume all the nitrate in the water with the growth of diatom, although in some part of the region was clearly depleted in nitrate prior to diss-Fe. Airborne dust Fe supply is an undeniable Fe source for open ocean phytoplankton growth. However, the scale and timing of the dust inputs is inadequate to explain it as the major driving phenomenon of the annual Fe cycle. Probably, the airborne dust Fe input is more sporadic, and the spatial scale is larger than oceanic water mass scale, and therefore the impact would be spatiotemporally limited, and it may have a role for sporadically occurring phytoplankton blooms in the open ocean rather than the consistently occurring events such as the spring phytoplankton bloom in the Oyashio and the Oyashio-Kuroshio transition zone. Our study implies that a different source of Fe fuels different phenomenon of biological production in this region (Figure 11 ). The result of this study is compatible to Nishioka et al. [2007] , which indicates that the lateral transport of Fe from a marginal sea and continental margin as well as vertical mixing are key processes to explain the high biological response in the WSP.
